Abstract: This paper presents an analysis of the acoustic emissions emitted by an underway REMUS-100 autonomous underwater vehicle (AUV) that were obtained near Honolulu Harbor, HI using a fixed, bottom-mounted horizontal line array (HLA). Spectral analysis, beamforming, and cross-correlation facilitate identification of independent sources of noise originating from the AUV. Fusion of navigational records from the AUV with acoustic data from the HLA allows for an aspect-dependent presentation of calculated source levels of the strongest propulsion tone.
Introduction
In the past several years, autonomous underwater vehicles (AUVs) have found a variety of uses in the commercial, military, and research sectors. Localization of surface craft have been investigated by a variety of methodologies such as shore-based radar, optical, thermal imaging, and more recently, acoustics. 1 However, AUVs pose a different detection challenge since no part of their hull extends above water and no surface wake is generated. Passive acoustic localization methods may be more practical than active methods in terms of cost and impact on the environment, but they require an accurate characterization of radiated noise from the target in terms of spectral content as well as aspect-dependent source levels. This paper aims to describe the azimuthal beam pattern of the strongest tone emitted from the propulsion system of an underway REMUS-100 AUV using a bottom-mounted horizontal line array (HLA).
Most AUVs are driven by electromagnetic propulsion systems, which can be the largest contributor of radiated noise. Several studies have been performed involving the collection of acoustic data generated from AUVs and analyzed the spectral content of their acoustic signatures. [2] [3] [4] Griffiths et al. (2001) analyzed the acoustic emissions of an Autosub AUV and found that it produced such low source levels that it was only detectable to within a few meters of their passive sonar equipment. 4 It was also hypothesized that propeller cavitation was the primary noise producer of this AUV since broadband emissions were detected up to roughly 4 kHz, with most acoustic energy concentrated in the lower band up to roughly 400 Hz. However, the Autosub may have been an anomalously quiet vehicle since other studies have since reported that higher source levels due to motor-borne vibrations found on some stock AUVs could be reduced through mitigation strategies. 3 In contrast with broadband cavitation noise, these motor vibrations have narrow-band characteristics. 3, 5, 6 Radiation from wetted portions of an AUV's motor stator, and Helmholtz resonance of the fluid connection gap between the rotor and stator can lead to monopole radiation patterns, whereas alternating thrust (caused by non-sinusoidal motor currents, for example) can produce hull vibrations that radiate in a dipole manner. 5 Griffiths et al. (2001) reported their results as received levels, and noted that the levels appeared to increase sharply as the vehicle passed by the passive sonar equipment, which was likely due to a hull-masking effect. 4 The lack of ground truth measurements of the actual location of the AUV precluded calculation of source levels and beam patterns. Several studies have taken a more rigorous approach to measuring source levels and beam patterns by placing a REMUS-100 AUV in a bollard condition inside a tank. [5] [6] [7] However, there is limited published information on radiated noise characteristics of AUVs that are underway.
This study demonstrates a technique for characterizing the source levels and beam patterns of a REMUS-100 AUV in an underway condition by fusing navigational records from the AUV with acoustic data collected on a passive, bottom-mounted HLA. The AUV's navigational records serve multiple purposes in this analysis. A method for correcting small errors in the HLA's coordinates using cross-correlation of broadband modem noise is first developed. Navigational records are used to identify which signature components are originating from the AUV's propulsion system using beamforming. Using a basic characterization of the environment, propagation modeling tools produce an estimate of transmission loss (TL) between each position of the AUV and each hydrophone. Source levels are then computed with the passive sonar equation using the received level at each time step. The AUV's aspect with respect to the HLA is then derived from the AUV's position and heading at each time step, facilitating the calculation of the beam pattern.
Experiment
The AUV experiments were conducted in July 2010 at the Kilo Nalu Nearshore Reef Observatory (University of Hawai'i-Manoa) near Honolulu Harbor, Honolulu, HI. The observatory had several underwater electronics nodes, which supplied power and Ethernet connectivity to scientific equipment. One node was at a fixed site about 0.4 km from shore in 12 m of water. Honolulu Harbor was located 1 km to the northwest of this node, which served as a port for large commercial vessels. In addition, the nearby areas were popular sites for recreational fishing, boating, and scuba diving. There was also a significant amount of biological noise primarily from snapping shrimp, which created a loud, broadband clicking noise.
A hydrophone array (HTI-92-WB, À160 dB re 1 V=lPa) was connected to the node for a two-week period. The array was configured in a horizontal configuration, stretched out along the seafloor. This orientation provided azimuthal beam resolution facilitating direction-of-arrival (DOA) estimation of radiated noise from targets. It had a total of 23 elements evenly spaced at 0.5 m. The sample rate was 102.4 kHz with a dynamic range of 24 bits. The array used a high-pass filter to suppress frequencies below 300 Hz and a 110 dB anti-aliasing filter giving a usable acoustic band from 300 Hz to 46.4 kHz.
Acoustic data was collected on the array from a number of sources including a REMUS-100 AUV. The REMUS-100 was powered by a battery that can last up to 22 h, and driven by a direct-drive dc brushless motor, which turned an open threeblade propeller. It was 160 cm in length, 19 cm in diameter, and weighed 37 kg. It had a maximum water speed of 2.6 m/s and a maximum depth of 100 m. Onboard navigational sensors estimated its location via several methods. At the surface, satellite GPS was used to obtain a coordinate fix. An acoustic doppler current profiler was used to measure its velocity over the seabed after submerging. Long baseline navigation was also used, which involved acoustic interrogation of separately deployed transponders.
When both of these data streams were unavailable, the AUV defaulted to dead reckoning. Depth measurements were obtained from a pressure depth sensor. The AUV logged these navigational records in the form of downloadable, time stamped 3-D coordinates. An onboard acoustic modem, which operated in the 20-30 kHz band, was used to send data back to the operator in the boat. The modem served as a broadband source that proved useful for cross-correlation based DOA estimation.
In this experimental investigation, the AUV executed a pre-programmed mission. The AUV was deployed from a boat that motored a short distance away from the programmed AUV track. The boat engine was on for a few minutes and subsequently turned off. The modem transponder continued to transmit from the stationary boat. The AUV moved slowly at the surface for about 30 s before diving and accelerating to about 2.25 m/s. It followed a programmed track of several turns and course reversals passing the end of the array three times. On one turn, it reached a maximum distance of 100 m from the array. Figure 1(a) shows the path of the AUV relative to the array. The second plate shown in Fig. 1(b) will be discussed later. The AUV's acoustic modem broadcasted information to the boat every 30 s. Sample audio from the first and third passes are available in Mm. 1 and Mm. 2, respectively. These are provided for a qualitative sense of the noise emitted by the AUV in the presence of the competing background noise and interferers.
Mm. 1. Audio from the northernmost phone of the array as the AUV makes its first pass by the array. Background noise from the boat is audible (see spectrograms in Fig. 2 ). Snapping shrimp noise is also audible. Leakage of high-frequency modem noise into the human audible range is heard near the end of the segment. The sampling frequency of file is 44.1 kHz. This is a file of type "wav" (2.6 MB).
Mm. 2. Audio from the northernmost phone of the array as the AUV makes its first pass by the array. Background noise from the boat is audible (see spectrograms in Fig. 2 ). Snapping shrimp noise is also audible. Leakage of high-frequency modem noise into the human audible range is heard near the end of the segment. The sampling frequency of file is 44.1 kHz. This is a file of type "wav" (2.6 MB).
Methodology and results
Acoustic data from the northernmost element of the array during the first four minutes of the mission was used for the spectrograms shown in Fig. 2 . In Fig. 2(a) the modem transmits data in the 20-30 kHz band in five second bursts every 30 s. Figure 2 (b) illustrates various tones from the AUV propulsion system, which are visible upon . The gap at the beginning of the dataset was most likely due to the AUV slowly moving at the surface. The 1700 Hz tone originated from a CPU fan inside the array electronics pressure vessel. The source level of the modem was sufficiently high that when within a few meters of the array it overcame the 110 dB anti-aliasing filter in the array and leaked energy into the lower frequency bands. This is most apparent at the time offsets of 1.3, 2.7, 3.2, and 3.5 minutes.
The broadband modem noise was the highest SNR signal emanating from the AUV, as seen in Fig. 2(a) . This was used, along with the propagation delay of sound in water, to estimate the direction of the signal relative to the orientation of the array. With two hydrophones, the time-of-arrival difference was easily measured by crosscorrelating their signals. The phones at opposite ends of the array were selected due to their farthest separation distance. Cross-correlating time series data from each phone produced another time series in which the time-axis corresponded to time-of-arrival differences. For a sufficiently coherent broadband signal, such as that of the modem, a peak appeared at an offset corresponding to the delay of that signal between the two hydrophones. This was computed in the frequency domain with a pre-whitening filter. Pre-whitening preserves the phase information while forcing the power spectrum to be white. This technique improves results for source signals which are not initially spectrally white.
Each peak in the cross-correlation output produced an isodiachron, a hyperboloid surface in 3-D space (assuming an isospeed), corresponding to all possible target locations having the same time-of-arrival differences. In the far field, this was approximated using the asymptotes of the hyperboloid, which trace out a cone. In 2-D, this reduced to a DOA with the angle measured from the broadside and originating from the center of the array. Figure 3 (a) shows a bearing-time-record (BTR) plot in which the crosscorrelation time series was converted to DOA angles and plotted along the horizontal axis. The data was divided into short time windows, and DOA angles from each are plotted on the vertical axis. The dashed line shows the DOA angle based on navigational records downloaded from the AUV after the mission. The boat track is visible during the first two minutes but disappeared after its engine was shut off. Strong peaks in the BTR correspond to the modem, but vanish during the time intervals when the modem is not transmitting. A good agreement exists between the navigational records and the cross-correlation analysis during the "on" periods and for sufficient angular separation from the nearby boat.
A genetic algorithm was used to find the "best set" of coordinates and orientation for the array, where "best set" is defined by that which minimizes an objective function computed as the sum square difference between each set of DOA angles over the entire four minute dataset. The optimum array location was about 7.6 m northwest from its initial estimated location, and its orientation rotated about 4 counterclockwise. This was a reasonable amount of correction based on the amount of navigational precision used during deployment.
In Fig. 2(b) , several tones can be attributed to the propulsion noise with the strongest centered about 1065 Hz. Given the extremely narrowband nature of this source, a conventional (delay-and-sum) beamformer computed in the frequency domain at the bin corresponding to this specific frequency tracked the DOA angle accurately, as shown in Fig. 3(b) . A Hann window was applied to individual, overlapping snapshots in the time domain during averaging, and a Taylor window was multiplied to the steering vector for additional side lobe suppression (i.e., array shading). The maximum achievable gain (in terms of signal power) for an unshaded conventional beamformer on a N element array is 10 log 10 fN=½1 þ ðn À 1Þqg, where q is the correlation coefficient of noise. 8 For this 23-element array, the array gain was 11.7 dB, with a standard deviation of 2.6 dB, and a q of 0.04. Decibels for array gain and q are both in reference to unit-less quantities.
The cross-correlation BTR in Fig. 3(a) localizes targets having broadband signatures, whereas the beamforming BTR in Fig. 3(b) is specific to targets producing energy in a very narrow band. However, broadband sources that overlap the narrow band gap were also detected by the beamformer. Hence the boat track, which produced broadband energy from a few Hz to roughly 6 kHz, appears in both the crosscorrelation BTR as well as the beamforming BTR ($ 1065 Hz). Notably, a continuous track for the AUV is visible using beamforming [ Fig. 3(b) ], but only appears in limited segments using cross-correlation [ Fig. 3(b) ].
One challenge of this AUV was the wandering nature of the tones seen in Fig. 2(c) . A simple peak following algorithm was created in an attempt to keep the beamformer locked onto the strongest tone. In each row of the spectrogram, the tallest peak was chosen inside of a narrow band centered at 1065 Hz. These data were smoothed using a low pass filter to obtain the curve shown in Fig. 2(c) . It was expected that improvement from peak following could be more substantial for data collected over a longer period of time. At the end of the four-hour AUV mission the 1065 Hz tone had drifted to about 1000 Hz, possibly caused by a lower current draw from the battery. For further verification of the AUV track [ Fig. 3(b) ], the AUV's navigational records were passed into the OASES software for simulated snapshots of data at every position. OASES is a full-wave propagation model based on a numerical wavenumber integration solution to the acoustic wave equation. 9 The simulation was configured with a pressure release surface, flat half-space seabed, and isovelocity water with parameters c ¼ 1500 m=s. The seabed parameters, based on a composition of medium/ coarse sand that were consistent with grab samples taken at the deployment site, were c ¼ 1836 m=s, a ¼ 0:88 dB=k, and q ¼ 2:151 g=cm 3 . 10 The results of this simulated data using the same beamformer are shown in Fig. 3(c) . There is excellent agreement between the experimental data and the simulated results indicating that the 1065 Hz tone was indeed emitted by the AUV.
Source level (SL) measurements of the AUV's propulsive emissions were computed by adding the received level (RL) to an estimate of the transmission loss (TL). OASES was used to estimate TL between the AUV source and different elements of the array. The AUV's heading was computed by taking the time-derivative of the AUV's position vector. Ocean currents measured by the observatory were on the order of 2-3 cm/s, so deviation between the AUV's heading and course were negligible. Combining the AUV position and heading with coordinate estimates of array elements allowed the AUV's aspect relative to each element to be computed. For this study, a subarray of eight equally spaced elements from the array were selected and the SL was computed as a function of aspect independently for each element. Since the 1065 Hz tone disappeared when the AUV maneuvered, this had the potential to bias the SL estimate. To avoid this, only time segments corresponding to constant speed, heading, and depth of the AUV were considered. The SL of the propulsive tone as a function of aspect is shown in Fig. 1(b) . The dark line represents the mean, and the shaded region denotes the interquartile range. Using multiple elements spread out over the entire array allowed for greater aspect coverage than would have for a single element. An additional 37 minutes of acoustic data was added to this part of the analysis, which included additional AUV passes by the HLA. The mean SL normalized over the full 360 aspect range for the 1065 Hz propulsion tone was 104.8 dB re 1 lPa 2 =Hz at 1 m, with a standard deviation of 8.4 dB re 1 lPa 2 =Hz at 1 m. The levels reported here are slightly lower than, but consistent with, the values measured using tank experiments reported by Holmes et al. 5, 6 Ambient noise RL was measured at 60.9 dB re 1 lPa 2 =Hz, with a standard deviation of 6.0 dB re 1 lPa 2 =Hz. When the AUV was between 10 and 50 m from the hydrophones, the mean signal to interference plus noise ratio was 19.4 dB with a standard deviation of 7.6 dB. All decibel calculations were consistent with the methods used by Ainslie. 10 Variations of SLs between snapshots were partly attributed to mismatch between actual and modeled environmental parameters. Additionally, localized obstructions, such as coral reefs extending a few meters above the seabed in some areas, might have impeded propagation. Unmodeled factors such as bathymetric variations and surface scattering might also have contributed to the observed variability.
Conclusion
This paper quantifies, for the first time, the acoustic source levels and beam pattern of the strongest propulsion-system-borne tone emitted from an underway REMUS-100 AUV by fusing acoustic data from a fixed HLA with the AUV's navigation records. The directionality of the tone and the broadband modem signal with respect to the HLA were consistent with the navigational records, thus validating that these signals were indeed emitted by the AUV. Propagation analysis was performed using OASES in which the time-varying TL was calculated between the maneuvering AUV and the array. A complementary simulation of the radiated tone was also performed with OASES enabling discrimination between the AUV target and a boat interferer.
Further studies might include incorporation of bathymetric information into propagation models. Less prominent tones could also be analyzed for aspectdependence. Since AUV maneuvering resulted in a change in frequency, or a diminished primary propulsion tone, a further study might investigate beam patterns for a maneuvering target.
